Abstract Plasmonic light absorption properties of bimetallic Au-Ag core-shell nanorod with nonhomogeneous Ag coating are investigated both theoretically and experimentally. When the Ag coating on the Au nanorod is not homogeneous, the overall aspect ratio and Ag composition greatly depends on the coating uniform, which strongly affects intensity changing and wavelength shift of the plasmonic absorption. When the transverse Ag coating is faster than longitudinal coating, the Au-Ag core-shell nanorod could present two intense longitudinal plasmonic absorption peaks with equal intensity and small wavelength gap as the Ag shell thickness has a critical value. Furthermore, this critical Ag shell thickness could be decreased when the Au nanorod core has a small aspect ratio. When the longitudinal Ag coating is faster than transverse coating, the increasing intensity of longitudinal peak corresponding to outer Ag surface is always weaker than the longitudinal peak corresponding to Au-Ag interface. Thus, we cannot obtain two equal intense plasmonic absorption peaks when the longitudinal Ag coating is thicker than the transverse coating. However, the transverse peak corresponding to Au-Ag interface could be enhanced by decreasing the aspect ratio of the Au nanorod core. Thus, we can always find three distinct absorption peaks as the aspect ratio of Au nanorod is decreased and the longitudinal Ag coating is greater than transverse coating.
Introduction
In recent years, noble metallic nanoparticles have received considerable attention owing to their novel optical properties based on localized surface plasmon resonance (LSPR). Although noble metal gold and silver have the same facecentered cubic crystal structure and similar lattice constants, silver nanoparticles display stronger LSPR absorption with higher plasmon energy (about 400 nm for Ag nanosphere and 520 nm for Au nanosphere) and more intense local electric field enhancement [1] [2] [3] . Therefore, Ag nanoparticles have been often used as substrates for surface-enhanced Raman scattering (SERS) [4] and sensing and imaging based on resonance light scattering [5, 6] .
Because symmetry breaking induced redistribution of surface charges, the plasmonic optical properties are strongly dependent on particle shape. Thus, producing metallic nanoparticles with low symmetry (nonspherical symmetry) could improve plasmon tunability such as resonance wavelength and local field intensity [7, 8] . However, the synthesis of complex morphological silver nanoparticles such as Ag nanorod is much harder than gold [9] . One of the effective methods to achieve nanoparticles with well-defined morphology and silver surface is coating an Ag nanolayer on the premade gold nanoparticles with nonspherical symmetry [9] [10] [11] [12] .
By using the microwave-polyol method, Au-Ag core-shell nanocrystals have been successfully synthesized [10] . The corresponding crystal structures and their growth mechanisms had also been studied. Furthermore, the transmission electron microscope (TEM) images observed by Tsuji et al. demonstrated that the shapes of initiated Au seeds greatly affect the shapes of formed Ag shells [13] . The Au-Ag core-shell nanocubes with varying shaped cores have been reported by Gong et al. [14] . The prepared Au-Ag core-shell nanoparticles display very abundant and distinct LSPR characteristics, which are dependent on core shape and core size. By using iodide ions, the growth direction of the Ag shell on the gold nanodisk core could also be tuned, and then the shape of the coated Ag shell could also be controlled [15] . The LSPR and SERS response in Au dumb bells with silver coating have also been reported [9] ; this type of core-shell Au-Ag nanostructure is expected to serve as excellent SERS substrates because of the higher enhancement factors for silver as compared to gold. Ma et al. reported a facile method for generating Au-Ag core-shell nanocubes with controllable edge lengths [16] . By varying the ratio of Ag ions to Au seeds, the thickness of the Ag shells could be finely tuned from 1.2 to 20 nm, and the plasmon excitation of the Au cores would be completely screened when the Ag shell has a critical value of 3 nm. The refractive index sensitivity of gold-silver core-shell nanoparticles has also been studied [17] . It has been found that coating a layer of silver brings about a higher refractive index sensitivity in comparison to the pure Au nanobars [18] .
It is known that the Ag and Au nanorods have two LSPR bands corresponding to transverse and longitudinal resonance, respectively. The longitudinal plasmon bands are sensitive to the aspect ratio and could be tuned from visible to infrared region. An interesting topic arises from the effect of Ag coating on the LSPR of Au-Ag core-shell nanorods. In our previous theoretical study, two transverse LSPR bands from outer Ag surface and Au-Ag interface have been observed in Au-Ag core-shell nanowires [19] . In the report of Yu et al. [20] , the optical properties of bimetallic Au-Ag core-shell nanorods were characterized by using a steady-state extinction spectra and ultrafast transient absorption spectroscopy. They have experimentally observed two longitudinal LSPR bands in Au-Ag core-shell nanorods corresponding to the Ag shell and Au core. In the study of Liu et al., the silver coating induced blue shift, and enhancement of longitudinal plasmon mode was observed [21] . And the blue shift has been attributed to the changing of effective dielectric function and decreasing of the overall aspect ratio induced by silver coating.
In a recent report, it is interesting to find that the silver coating is not always homogeneous [3] . In the preparation method of Jiang et al., the thickness of the Ag shell at the side increases faster than that at the ends as the amounts of AgNO 3 is increased [3] . How about the effect of nonhomogeneous silver coating on the plasmonic absorption properties of gold nanorod? In this report, we studied the plasmonic absorption properties of Au-Ag core-shell nanostructure with nonhomogeneous Ag coating. It has been found that the anisotropy of Ag coating greatly affects intensity changing, wavelength shift, and peak number of the plasmonic absorption. Furthermore, the physical origin of the nonhomogeneous Ag coating-dependent LSPR tunability has also been discussed.
The model
The geometry of the core-shell structure Au-Ag ellipsoidal nanorods with rotation symmetry is shown in Fig. 1 . The Au ellipsoid core is modeled as a prolate (cigar shaped) spheroid, which is generated by rotating an ellipse about its major axis. Because of the rotation symmetry, the Au ellipsoid core has a semimajor axis c 1 and equal semiminor axis a 1 =b 1 . The outer surface of the Ag shell has semimajor axis c 2 and semiminor axis a 2 =b 2 . And the coated Ag shell has a transverse thickness of t T =a 2 −a 1 and longitudinal thickness of t L =c 2 −c 1 . When the silver is homogeneously coated on the gold nanorod, t T and t L have the same value. In this model, the dielectric constant of the Au nanorod core, Ag coating shell, and environmental medium is given by ε 1 , ε 2 , and ε 3 , respectively. It is important to note that the dielectric function ε 1 and ε 2 have real and imaginary wavelength (λ)-dependent components [22] . In our analysis, the size of the Au-Ag nanostructure is much smaller than the incident wavelength. Thus, the nanoparticles are subjected to an almost uniform field and oscillate like a simple dipole. Therefore, the quasistatic approximation can be employed in the calculation. The basic equations of the polarizabilities along the principal axes and the plasmonic absorption cross-sections could be derived from the Laplace's equation and have been reported in [21, 23] . By plotting the absorption cross-sections with different wavelength, we could obtain the absorption spectrum.
Results and discussion
Absorption spectra of Au-Ag nanorods with homogeneous silver coating Figure 2a shows the calculated absorption spectra of bare Au nanorods and Au-Ag core-shell nanorods with homogeneous Ag coating. In this calculation, the semiminor axis of the inner Au nanorod is set as a 1 = 5 nm, the aspect ratios of the Au nanorod is set as p =c 1 /a 1 =4, the environmental dielectric constant is set as ε 3 =1.0. For pure Au nanorods, there are two LSPR absorption peaks corresponding to transverse and longitudinal resonance appearing at about 515 and 686 nm, respectively. As the coating Ag shell thickness is increased from 1 to 11 nm, both the transverse (denoted as peak 2) and longitudinal (denoted as peak 3) peaks blue shift and get intense. However, the shifting and intensity increase of the longitudinal peak are more intense, and then peak 2 has been merged gradually by peak 3. What is more, the Ag coating results in a new plasmonic absorption peak taking place at shorter wavelength, which is denoted as peak 1. As the coating Ag shell thickness is increased, the peak 1 red shifts slightly and gets intense greatly. All these Ag coating-dependent absorption properties are in good agreement with the Fig. 1 Geometry of core-shell structure Au-Ag ellipsoidal nanorods: ε 1 , ε 2 , ε 3 are the dielectric functions for the Au core, Ag nanoshell, and embedding regions respectively, c denotes the semimajor axis and a =b the semiminor axis. t T denotes the Ag shell thickness in transverse direction and t L denotes the Ag shell thickness in longitudinal direction Fig. 2 a Calculated absorption spectra of Au-Ag core-shell nanorods with homogeneous Ag coating, the Ag shell thickness is changed from 0 to 11 nm. b Calculated absorption spectrum of Au-Ag core-shell nanorods with nonhomogeneous Ag coating, t T =7.5 nm and t L =3.25 nm experimental results [21] . Because the Ag nanoparticles have more intense plasmonic absorption, the physical mechanism of the intensity increasing of peaks 2 and 3 could be resulted from the increase composition of Ag in the Au-Ag bimetallic nanoparticles [21] . Because the Ag nanoparticles have shorter plasmon resonance wavelength, the intense blue shift of peaks 2 and 3 should also be attributed to the increase composition of Ag in the bimetallic nanoparticles. On the other hand, a homogeneous Ag layer coating lowers the overall aspect ratio of the core-shell nanostructure, which provides the minor reason of the blue shift of peak 3.
Although the surface plasmons are coherent excitation and are affected by the coupling between metallic surfaces, different surface electron oscillations may take major effect on different plasmon modes. In our previous study of the transverse LSPR in Au-Ag and Ag-Au core-shell structure nanowires, the two plasmonic peaks have been assigned to outer surface of wall metal and the interface between core and wall metals, respectively [19] . Therefore, there should be four LSPR peaks in the Au-Ag core-shell nanorod. However, one could only find three distinct plasmon peaks in Fig. 2a . The peaks 2 and 3 correspond to the transverse and longitudinal plasmon from Au-Ag interface (denoted as Au T and Au L ). The peak 1 corresponds to the longitudinal plasmon from outer Ag surface (denoted as Ag L ). Because the transverse plasmonic absorption is always weaker than the longitudinal mode, the fourth peak corresponding to the transverse plasmon from outer Ag surface (denoted as Ag T ) is usually too weak to be observed and could only be found under certain conditions. For example, when the Ag coating is nonhomogeneous (t T =7.5 nm and t L =3.25 nm) and the environmental dielectric constant is increased to 3.5, one can find four LSPR peaks in the absorption spectrum as shown in Fig. 2b . In the absorption spectral testing, the gold nanorods are usually suspended in the aqueous solution with a surrounding dielectric constant of ε surrounding =1.7. Thus, it has been observed that the longitudinal absorption intensity is usually larger than the transverse intensity. In Fig. 2a , the surrounding dielectric constant is set as ε 3 =1.0, and the longitudinal absorption intensity is also larger than the transverse intensity. However, when the surrounding dielectric constant is increased, the polarization of the dielectric media will affect the surface plasmon resonance. Because of the nonspherical symmetry, the effect on the transverse and longitudinal SPR is different. Previous experimental reports indicate that the transverse absorption increases and the longitudinal decreases when the surrounding dielectric constant is increased [24] [25] [26] . For example, by comparing the absorption spectra of bare Au nanorods and silica-coated Au nanorods, one can find that the transverse absorption increases and the longitudinal decreases as the silica coat thickness increased [24] . In Fig. 2b , in order to observe the fourth peak corresponding to the transverse plasmon from outer Ag surface, the surrounding dielectric constant is increased to ε 3 =3.5. Therefore, the transverse plasmon absorption from Au-Ag interface increases greatly, whereas the longitudinal plasmon absorption from Au-Ag interface fades down.
Absorption spectra of Au-Ag nanorods with nonhomogeneous silver coating
In Fig. 3 , we studied the effect of nonhomogeneous Ag coating on the absorption spectral properties of Au-Ag core-shell nanorods. For the case of t T =2t L , i.e., the Ag shell coating in the transverse direction is faster than that of longitudinal direction, the overall aspect ratio decreases rapidly and the composition of Ag in the bimetallic particle increases rapidly. Therefore, the peak 3 blue shifts intensely and the peak 1 gets intense rapidly as the Ag shell thickness is increased. As shown in Fig. 3a , the intensity increase of peak 1 is faster than that of peak 3, which is similar to the experimental observation [3] . Thus, the peak 1 at shorter wavelength becomes more intense than the peak 3 at longer wavelength when the Ag coating is thick, which is different from the calculation results of homogeneous coating case in Fig. 2a and the experimental result of [21] . Furthermore, because of this nonhomogeneous silver coating, the bimetallic nanostructures could present two intense plasmonic absorption peaks with equal intensity and small wavelength gap ca. 30 nm as the Ag shell thickness has a critical value, as shown in the inset of Fig. 3a . This plasmonic property provides potential for double-channel optical sensing based on plasmonic absorption [27] . In Fig. 3a , the disappearance of peak 2 in absorption spectrum is due to the following reasons. Firstly, the increase of outer Ag shell thickness leads to the great enhancement of peaks 1 and 3, which masks the weak transverse plasmon resonance of inner Au core. This trend could be clearly reflected in Fig. 2a . Secondly, the red shift of peak 1 and blue shift of peak 3 make the peak 2 merged together with peaks 1 and 3. Meanwhile, peak 2 only becomes distinct as the surrounding dielectric constant is large as shown in Fig. 2b . However, the surrounding dielectric constant in Fig. 3a is set as ε 3 =1, which is much smaller than that of Fig. 2b . Therefore, the peak 2 in Fig. 3a is too weak to be observed.
In order to make the Ag coating-dependent intensity changing clearer, we also plotted the peak intensity of the absorption as the function of Ag coating thickness in Fig. 3c . When t T = 2t L , the intensity of peak 3 is always a little greater than that of peak 1 as the Ag shell thickness is less than 8 nm. The increasing speed of peak 3 fades down as the Ag coating is further increased. And then peaks 3 and 1 have the same intensity when Ag shell thickness reaches 9 nm. However, the intensity difference between peaks 1 and 3 increases again when the Ag shell thickness is greater than 9 nm. For the case of t L =2t T , i.e., the Ag shell coating in the longitudinal direction is faster than that of transverse direction (but the ratio t L / t T <p), the overall aspect ratio decreases slowly and the Ag composition of the bimetallic particle also increases slowly. Therefore, the blue shift of peak 3 is gentle and the wavelength gap between peaks 1 and 3 is wide as shown in Fig. 3b . Furthermore, the intensity increase of peak 1 is also gentle and is always weaker than peak 3. As shown in Fig. 3c, d , the intensity difference between peaks 1 and 3 has been monotonously enlarged as the Ag coating is increased. And we cannot obtain two intense plasmonic absorption peaks with equal intensity when the longitudinal Ag coating is thicker as shown in Fig. 3d .
In order to find the effect of aspect ratio of the Au nanorod on the nonhomogeneous coating-dependent plasmonic absorption, we also plotted the absorption spectra of Au-Ag core-shell nanorods when the aspect ratio of the Au nanorod core is decreased to p =2. As shown in Fig. 4 , the way of the absorption intensity changing and wavelength shifting is similar to the cases of p =4. However, because of the decrease of the aspect ratio and the volume of the Au nanorod, the Ag coating-dependent Ag composition increase becomes intense. Therefore, the Ag coating-induced absorption intensity increase becomes rapid. Thus, we can obtain two intense plasmonic absorption peaks with equal intensity and small wavelength gap when the Ag coating thickness is thin. As shown in the inset of Fig. 4a , the Au-Ag core-shell nanorods present two intense plasmonic absorption peaks with equal intensity and small wavelength gap ca. 45 nm as the longitudinal Ag shell thickness is 4 nm. The peak intensity of the absorption as the function of longitudinal Ag coating thickness has been plotted in Fig. 4c . When t T =2t L , the intensity of peak 3 is always greater than that of peak 1 as the Ag shell thickness is less than 4 nm. However, the increasing speed of peak 3 gets intense first and then fades down as the Ag coating is increased. At last, peaks 3 and 1 have the same intensity when Ag shell thickness reaches 4 nm. In Fig. 4b , because the intensity discrepancy between transverse and longitudinal plasmonic absorption is decreased, the relative intensity of peak 2 is much greater than that of the absorption spectra in Fig. 3 Calculated absorption spectra of Au-Ag core-shell nanorods with nonhomogeneous silver coating, the Au nanorod core has a large aspect ratio of p =4. a Transverse Ag shell thickness is larger, t T =2t L . b Longitudinal Ag shell thickness is larger, t L =2t T . c Peak intensity of the absorption as a function of longitudinal Ag coating thickness. d Peak intensity of the absorption as a function of transverse Ag coating thickness, ε 3 =1.0 Fig. 3b . We can always find three distinct absorption peaks as the Au nanorod is short and the longitudinal Ag coating is thicker.
Experimental study of the absorption spectra of Au-Ag nanorods with silver coating (transverse coating is larger than longitudinal coating)
The preparation of Au nanorods
Au nanorods were prepared according to a seed-mediated growth protocol developed by Sau and Murphy with some slight modification [28] . Initially, Au seed solution was prepared by quickly injecting NaBH 4 (0.01 M, 0.6 mL) into the mixture of HAuCl 4 (0.01 M,0.25 mL) and CTAB (0.1 M, 7.5 mL) solution in a test tube of 15 mL, followed by 1 min of violent stirring. The color of the solution changed from yellow to brownish yellow, which indicates the start formation of the Au seed. Then, the resultant solution was kept at 27°C for 2 h for the next use. Secondly, to grow Au nanorods, 0.01 M HAuCl 4 (4 mL), 0.01 M AgNO 3 , 0.1 M AA (0.64 mL), and 1 M HCl were injected into 0.1 M CTAB (90 mL) in order. With gentle stirring, the color of the solution changed from brownish yellow to transparent. Different aspect ratios of gold nanorods could be obtained by tuning the volume of AgNO 3 and HCl. Finally, 0.2 mL Au seed solution was injected to initiate growth reaction. Then the ultimate solution was kept at a constant temperature of 27°C undisturbed overnight. During this time, the transparent solution progressively changed to purple or deep blue, depending on the aspect ratio of the Au nanorods. When the volume of AgNO 3 is relatively small, we obtained the shorter Au nanorods with an aspect ratio of 3.3. Figure 5a depicted the synthesized shorter Au nanorods with an average length of about 40 nm and width of about 12 nm. In order to get longer Au nanorods, the AgNO 3 volume has been increased and HCl was added at the same time. As shown in Fig. 5b , longer Au nanorods with an aspect ratio 
The synthesis of Au-Ag core-shell nanorods
Au nanorods with Ag coating were prepared by the method in previous literature with some minor modification [3, 16, 29, 30] . In summary, 45 mL prepared Au nanorods were centrifuged for 20 min at 10,000 rpm, then the supernatant was carefully removed and the precipitate was redispersed into the same volume of 0.08 M CTAB. One minute of the ultrasonic solution is needed. Afterwards, the solution is divided into nine portions. For each portion, AgNO 3 (0.01 M), AA (0.1 M, 0.4 mL), and NaOH (0.1 M, 1 mL) was added in that order. By adding the volume of AgNO 3 from 0.1 to 0.9 mL, we obtained Au-Ag core-shell nanorods with different Ag shell thickness. The solution was then kept at 65°C for 4 h. The typical TEM images of the synthesized Au-Ag core-shell nanorods with thin Ag coating and thick Ag coating are compared. As can be observed in Fig. 5c , when the volume of AgNO 3 is 0.5 mL, the Ag shell at the side facet is thin, whose average thickness is about 5 nm. And thicker Ag shell at the side facet of about 10 nm could be observed when the volume of AgNO 3 reaches 0.8 mL as shown in Fig. 5d . Figure 6a depicts the absorption spectra of Au-Ag core-shell nanorods with longer Au nanorods core. As can be seen in Fig. 6a , for longer gold nanorods, as the volume of AgNO 3 is increased, peak 1 slightly red shifts with intensity increasing quickly, while peak 3 blue shifts greatly with intensity increasing slowly. At the same time, peak 2 attenuated and then disappeared. The intensity difference between peaks 1 and 3 becomes smaller and smaller with the continuous increase of AgNO 3 . We can obtain two intense plasmonic absorption peaks with equal intensity when the volume of AgNO 3 reaches 0.85 mL, as shown in Fig. 6a . For shorter gold nanorods, two intense plasmonic absorption peaks with equal intensity appeared when the volume of AgNO 3 reaches 0.4 mL as shown in Fig. 6b . As the volume of AgNO 3 is further increased, peak 1 exceeds peak 3 and leaves only one peak at about 450 nm at last. As a matter of fact, longer and shorter gold nanorods represent aspect ratios of large and small, the volume of AgNO 3 corresponds to the thickness of silver coating. The silver coating gets thicker as the amount of AgNO 3 is increased. A thin silver layer was developed at first, as shown in line A of Fig. 6b . Owing to its nonhomogeneous coating, the increase of the side of the nanorod's thickness is faster than the end as shown in line B of Fig. 6b . It is obvious that its side facet of silver coating is thicker than line A of Fig. 6b . At last, the nanorods turned to nearly spherical structure as shown in line C of Fig. 6b. Figure 6c , d depicts the dependences of the plasmon peak wavelengths and absorption intensities on the volume of the AgNO 3 solution. Because the Ag shell thickness is controlled by the amount of AgNO 3 , the amount of AgNO 3 corresponds to the Ag shell thickness, and the Ag shell thickness is increased as the volume of the AgNO 3 solution is increased. Increasing the silver coating results in the absorption intensity of both peaks 1 and 3, getting intense linearly. The linear relation could also be found for the silver coating-dependent plasmon shifting of peak 1. However, the peak 3 blue shift exponentially as the silver coating is increased. Furthermore, one can find the silver coating-dependent intensity increasing of peak 1 is more intense as the gold nanorods are short. Therefore, two absorption peaks with equal intensity could be obtained with thinner silver coating. These experimental observations are in good agreement with our theoretical calculation above.
Conclusions
In conclusion, nonhomogeneous Ag coating of the Au nanorod and aspect ratio of Au nanorod core strongly affect the intensity change and wavelength shift of the plasmonic absorption. Theoretical calculations show that, when the transverse Ag coating is faster, the Au-Ag core-shell nanorod could present two intense longitudinal plasmonic absorption peaks with equal intensity and small wavelength gap as the Ag shell thickness has a critical value. When the longitudinal Ag coating is faster, the intensity increasing of longitudinal peak corresponding to outer Ag surface is always weaker than the longitudinal peak corresponding to Au-Ag interface. The critical value of Ag shell thickness could be decreased when Au nanorod is short, at the same time the transverse peak corresponding to Au-Ag interface could be enhanced. It is worth noting that the two equal intensity of absorption peaks exhibit Au-Ag core-shell nanorod obtained from the nonhomogeneous silver coating may have great potential for many biological and chemical applications such as design and fabrication of dual-channel SPR sensor. 
